Bacteriophage wR1-37 was isolated based on its ability to infect strain YeO3-R1, a virulenceplasmid-cured O antigen-negative derivative of Yersinia enterocolitica serotype O : 3. In this study, the phage receptor was found to be a structure in the outer core hexasaccharide of Y. enterocolitica O : 3 LPS. The phage receptor was present in the outer core of strains of many other Y. enterocolitica serotypes, but also in some Yersinia intermedia strains. Surprisingly, the receptor structure resided in the O antigen of Yersinia pseudotuberculosis O : 9. Electron microscopy demonstrated that wR1-37 particles have an icosahedral head of 88 nm, a short neck of 10 nm, a long contractile tail of 236 nm, and tail fibres of at least 86 nm. This implies that the phage belongs to the order Caudovirales and the family Myoviridae in the ICTV (International Committee for Taxonomy of Viruses) classification. wR1-37 was found to have a lytic life cycle, with eclipse and latent periods of 40 and 50 min, respectively, and a burst size of~80 p.f.u. per infected cell. Restriction digestions and PFGE showed that the wR1-37 genome was dsDNA and~270 kb in size. Enzymically hydrolysed DNA was subjected to HPLC-MS/MS analysis, which demonstrated that the wR1-37 genome is composed of DNA in which thymidine (T) is >99 % replaced by deoxyuridine (dU). The only organisms known to have similar DNA are the Bacillus subtilis-specific bacteriophages PBS1 and PBS2. N-terminal amino acid sequences of four major structural proteins did not show any similarity to (viral) protein sequences in databases, indicating that close relatives of wR1-37 have not yet been characterized. Genes for two of the structural proteins, p24 and p46, were identified from the partially sequenced wR1-37 genome.
INTRODUCTION
Yersinia enterocolitica is a Gram-negative bacterium of the family Enterobacteriaceae. The species includes over 30 serotypes, a number of which are human pathogens (Wauters et al., 1991) . While the major pathogenic serotypes in Europe, Canada, Japan and South Africa are O : 3 and O : 9; in the United States serotype O : 8 is more prevalent. Y. enterocolitica is widely distributed in nature, swine being the major reservoir of the pathogenic strains (Bottone, 1997) .
Bacteriophages are the most abundant organisms on Earth, and it is estimated that for each microbial isolate at least 10 different phages can be found (Hendrix, 2002; Pedulla et al., 2003) . A number of phages infecting the members of the genus Yersinia have been isolated (Baker & Farmer, 1982; Popp et al., 2000; Stevenson & Airdrie, 1984) , but relatively few have been characterized in more detail. Y. enterocolitica O : 3-specific phage wYeO3-12 has been shown to be closely related to Escherichia coli phages T3 and T7 (Pajunen et al., 2000 (Pajunen et al., , 2001 . Likewise, Yersinia pestis phage wA1122 was recently found to be a close relative of T7 (Garcia et al., 2003a) . Bacteriophage PY54 is a temperate phage isolated from Y. enterocolitica O : 5 that maintains its lysogeny by replicating as a linear plasmid with covalently closed ends (Hertwig et al., 2003a, b) . The GenBank/EMBL/DDBJ accession numbers for the sequences reported in this paper are AJ972879 and AJ972880.
Abbreviations: BER, base-excision repair pathway; DOC, deoxycholate; ICTV, International Committee for Taxonomy of Viruses; RT, room temperature; Ugi, uracil-DNA glycosylase inhibitor; Ung, uracil-DNA glycosylase.
Recent interest in bacteriophages is based on the facts that (i) they are excellent targets for genome and evolution research, (ii) they are important vehicles in horizontal gene transfer, (iii) they are potential therapeutic agents, and (iv) they can themselves be used as tools in bacterial genetics and their gene products are used as tools in molecular biology. We have isolated several Y. enterocolitica-specific bacteriophages that use different parts of LPS as receptors and used them to study the molecular biology and genetics of LPS biosynthesis (Al-Hendy et al., 1991; Skurnik et al., 1995) .
Bacteriophage wR1-37 was isolated from sewage, based on its ability to infect strain YeO3-R1, which is an O antigennegative derivative of Y. enterocolitica serotype O : 3 strain 6471/76-c (=YeO3-c), a virulence-plasmid-cured derivative of wild-type strain 6471/76 (=YeO3) (Skurnik, 1984; Skurnik et al., 1995) . The host range of wR1-37 and genetic data suggested that the LPS outer core hexasaccharide of Y. enterocolitica O : 3 may function as the phage receptor (Skurnik et al., 1995) . In this work we characterized further the biological, structural and genomic features of wR1-37. We also confirmed the role of YeO3 LPS outer core as the phage receptor, and provided evidence showing that this receptor structure resides in the O antigen of Yersinia pseudotuberculosis O : 9.
METHODS
Bacterial strains, phages, plasmids and media. The bacterial strains used in this work are described in Table 1 . All Yersinia and phage incubations were done at room temperature (RT); E. coli was cultured at 37 uC. Tryptic soy broth (TSB) medium (Oxoid) and Luria Broth (Sambrook & Russell, 2001) were used for bacterial liquid cultures. Soft-agar medium included additionally 0?4 % (w/v) agar (Biokar Diagnostics). Luria agar (Sambrook & Russell, 2001) was used as solid medium for bacteria, and lambda agar (10 g Tryptone l
21
, 2?5 g NaCl l 21 , 15 g agar l 21 ) for phage plates. Plates and liquid media were supplemented with ampicillin (100 mg ml 21 ), kanamycin (100 mg ml 21 ), nalidixic acid (100 mg ml 21 ) or chloramphenicol (30 mg ml 21 ), when required. Purification of wR1-37 was done as described elsewhere for phage wYeO3-12 (Pajunen et al., 2000) . The nalidixic acid-resistant derivative of Y. pestis D27 was obtained by culturing D27 on nalidixic acid-containing plates and selecting for resistant colonies.
wR1-37-resistant mutants were isolated by spreading a phage suspension on a bacterial lawn growing on agar plates and picking colonies grown within the lysis zone after 48 h incubation. Analysis of the LPS pattern of the resistant isolates was performed by deoxycholate (DOC)-PAGE gel electrophoresis, as described previously (Skurnik et al., 1995) .
Electron microscopy. The phage was sedimented using a Beckman Optima LE-80K ultracentrifuge and Ti50 rotor at about 85 000 g for 60 min, and suspended in TM (50 mM Tris/HCl, pH 7?8, 10 mM MgSO 4 ) (Sambrook & Russell, 2001 ). The phage particles were placed on 0?3 % FormWar-coated grids (Agar Scientific), stained with 1 % phosphotungstic acid and examined with a JEOL (Tokyo, Japan) JEM-1200 EX electron microscope. For infection samples, pelleted YeO3-R1 cells were suspended in TM and incubated with wR1-37 for 2 min prior to placing on grids, staining and examination, as above. The phage dimensions were measured on photographs at a final magnification of 136 500-fold.
One-step growth curve. A one-step growth curve was done as previously described (Birge, 1988; Pajunen et al., 2000) . Briefly, a mid-exponential-phase culture (10 ml) of YeO3-R1 was harvested by centrifugation and resuspended in 1 ml TSB. wR1-37 was added at an m.o.i. of 5610 24 and allowed to adsorb for 2 min. The infected cells were centrifuged, resuspended in 10 ml TSB, and incubation was continued. Samples were taken at 10 min intervals. The first set of samples was immediately plated for phage titration, and the second set was treated with 1 % chloroform to release the intracellular phage prior to titration.
DIG-labelling of wR1-37 and immunodetection. Phage particles were labelled using the DIG Protein Labelling Kit (Roche). A 50 ml sample of wR1-37 (~10 11 p.f.u.) was diluted in 950 ml 50 mM potassium phosphate buffer, pH 8?5, containing 0?95 % NaCl and 10 mM MgSO 4 . DIG-ester (0?4 mg) dissolved in 10 ml DMSO was added and the reaction was allowed to proceed for 2 h at RT. The mixture was then dialysed against 1 l TM at 4 uC for 3 days. This preparation is referred to as DIG-wR1-37.
For phage-blotting experiments, YeO3-R1 was grown for 16 h at RT in TSB. The bacteria were diluted to OD 600 0?9-1?0, centrifuged, and resuspended to the same volume of SM (50 mM Tris/HCl, pH 7?5, 0?1 M NaCl, 10 mM MgSO 4 , 0?01 % gelatin) (Sambrook & Russell, 2001) . The suspension was boiled at 95 uC for 20 min. Whole-cell lysates were prepared by resuspending bacteria in SDS-PAGE sample buffer and incubating the samples at 95 uC for 10 min. Total bacterial membranes were prepared from 5 ml overnight culture by sonication and differential centrifugation. The final membrane pellets were resuspended in 50 ml TM. Appropriate dilutions of bacterial preparations were applied to nitrocellulose membranes (Schleicher & Schuell) as 2-5 ml drops and allowed to dry. The filters were baked for 15 min at 60 or 80 uC. To study the effect of different treatments on the phage binding, some of the membranes were incubated with periodate (2 h at 22 uC in 10 or 100 mM periodic acid, 50 mM sodium acetate, pH 5?2) or with proteinase K (0?5 mg ml 21 , 60 uC, 60 min). The membranes were washed once in 0?9 % NaCl, and incubated at RT for 60 min in 10 ml 3 % BSA in TM. Half of the solution was then removed, 50 ml DIG-wR1-37 was added, and the membranes were incubated for an additional 90 min. The membranes were then washed four times (5 min each) with TM and incubated in 3 ml anti-DIG-POD (polyclonal sheep anti-DIG Fab fragments, conjugated with horseradish peroxidase, Roche Molecular Biochemicals) for 60 min, washed four times with TM, and developed for peroxidase activity according to the manufacturer's instructions.
Construction of plasmid pRV16NP. Plasmid pRV7 (Table 1) containing the Y. enterocolitica O 3 outer core gene cluster was digested with BamHI and HindIII. The fragment containing the outer core gene cluster was gel-purified and ligated with BamHIand SphI-digested pTM100 (Table 1 ) and a HindIII-SphI adapter oligonucleotide (59-AGCTCATG-39 (Biedzka-Sarek et al., 2005). The ligation mixture was then transformed into E. coli C600 ( Table 1) . The plasmid having the cloned gene cluster transcribed from the tetracycline-resistance gene promoter was named pRV16NP and mobilized to different Yersinia strains by triparental conjugation (Gerhardt et al., 1984) using helper strain HB101/pRK2013 (Table 1 ). The expression of Y. enterocolitica O : 3 outer core hexasaccharide in these strains, as well as in E. coli C600, was confirmed by DOC-PAGE analysis, as above.
Phage DNA techniques. Phage DNA was extracted as described for bacteriophage lambda (Sambrook & Russell, 2001) . Standard DNA techniques were performed (Sambrook & Russell, 2001) , and enzymes were used as recommended by the suppliers.
The wR1-37 genome size was determined by analysing undigested and PvuI-, XhoI-, DraIII-and DraI-digested phage DNA by PFGE (Sambrook & Russell, 2001) . As a size standard, Lambda ladder PFG Marker (BioLabs) was used, and the run was performed on 1 % PFGE gel, as recommended for the Lambda ladder by the producer.
To clone the wR1-37 DNA into E. coli strain CJ236 (Table 1) , the phage DNA was digested with EcoRI or PstI, ligated into the EcoRI or PstI site of plasmid pBR322 (Table 1) , respectively, and electroporated to E. coli (Ausubel et al., 1987) . To confirm that the clones had inserts originating from the phage DNA, 1 ml samples of isolated plasmid DNA were blotted onto nylon membranes (Roche Molecular Biochemicals) and analysed by hybridization with DIG-dUTP-labelled phage DNA. Labelling and hybridization were performed with the DIG-High Prime DNA Labelling and Detection Starter Kit II (Roche Molecular Biochemicals).
Plasmid clones containing phage DNA were sequenced first with the vector-specific primers pBRPstFor1 (59-CATCCAGTCTATTA-ATTGTTGC-39), pBRPstBack1 (59-GAACCGGAGCTGAATGAA-39), pBREcoFor1 (59-CCTGACGTCTAAGAAACCATT-39) and pBREcoRev1 (59-GCGTTAGCAATTTAACTGTGA-39), then using primerwalking with phage-specific primers (not shown Analysis of modified nucleotides. The nucleotide composition of the wR1-37 genome was determined by hydrolysing the phage DNA to deoxynucleosides, and analysing the hydrolysate for nucleosides and dinucleotides by LC-MS/MS. The hydrolysis was done by the method of Crain (1990) , in which the DNA is treated with nuclease P1, snake venom phosphodiesterase I and E. coli alkaline phosphatase. The enzymes were purchased from ICN Biomedicals.
LC-MS/MS analyses for detecting nucleosides were performed on a PE Sciex API 365 triple quadrupole LC/MS/MS System equipped with two PE Series 200 Micro pumps and a PE Series 200 autosampler. The reverse-phase HPLC column used was Waters Symmetry C18, 2?16 100 mm, particle size 3?5 mm, and the guard column was Waters Symmetry C18, 2?1610 mm, particle size 3?5 mm. As a mobile phase, methanol was used as eluent A, and 5 mM ammonium formate as eluent B. Gradient system 1 was as follows: from 0?5 % A to 1?0 % A in 0-0?5 min; from 1?0 % A to 50 % A in 0?5-22 min. The flow rate was 160 ml min 21 and the injection volume was 20 ml. Detection was made by using positive ion spray ionization (ISI) in neutral loss scan mode. The resolutions for Q1 and Q3 quadrupoles were set to LOW and UNIT resolution, respectively. The neutral loss detected was deoxyribose, m/z 116?1. The needle potential was set to 5200 V, declustering potential 22 V, focusing potential 113 V, entrance potential 2?5 V and collision energy 13 V. Nebulizer gas (nitrogen) was set to value 10?0, curtain gas (nitrogen) to value 11?0, collision gas to value 2?0 and turbo ion spray gas (nitrogen, 300 uC) to 6000 ml min 21 .
LC-MS analyses for detecting dinucleotides were performed with the equipment described above. As the mobile phase, eluent A was 50 % methanol and 0?1 % formic acid in water (v/v), and eluent B was 0?1 % formic acid in water (v/v). Gradient system 2 was as follows: from 10 % A to 85 % A in 0-18 min; 85 % A in 18-20 min. The flow rate was 100 ml min 21 and the injection volume was 70 ml. Detection was made by using negative ion spray ionization (ISI) in single quadrupole scan mode. The resolution for the Q1 quadrupole was set to UNIT resolution. The mass range scanned was m/z 150-900. The needle potential was set to 24200 V, declustering potential 236 V, focusing potential 2175 V and entrance potential 210 V. Nebulizer gas (nitrogen) was set to value 10?0, curtain gas (nitrogen) to value 11?0 and turbo ion spray gas (nitrogen, 300 uC) to 6000 ml min 21 .
The reference substances for nucleoside analysis, 29-deoxyadenosine (dA), 29-deoxycytidine (dC), 29-deoxyguanosine (dG), thymidine (T) and 29-deoxyuridine (dU) were purchased from Sigma-Aldrich and Merck. The reference substances used for dinucleotide analysis were 29-deoxyadenylyl(39R59)-29-deoxycytidine (dA-dC) and 29-deoxycytidylyl(39R59)-deoxyguanosine (dC-dG) (Sigma-Aldrich).
SDS-PAGE and N-terminal sequencing of structural proteins.
Phage particles were sedimented as above, suspended in SDS loading buffer (Sambrook & Russell, 2001 ) and heated at 95 uC for 15 min. Electrophoresis was conducted using a Hoefer SE 600 device (Amersham Pharmacia Biotech). The phage proteins were run on a 10 % SDS-PAGE gel (Sambrook & Russell, 2001 ) with a constant current of 25 mA, and stained with Coomassie blue R250 (Amersham Pharmacia Biotech), according to manufacturer's instructions.
For the determination of the N-terminal amino acid sequences of the structural proteins, SDS-PAGE was conducted as above. The proteins were blotted with a Semidry IX device (Bio-Rad) onto Problott membrane (Applied Biosystems), as recommended by the manufacturer. N-terminal amino acid sequences of the four major protein bands were determined with an Applied Biosystems 477A protein sequencer equipped with an Applied Biosystems 120A PTH (phenylthiodantoin)-amino acid analyser. For degradation cycles and amino acid analysis, standard parameters provided by the manufacturer were used. The sequence data were analysed with the NCBI BLAST program and EMBOSS.
RESULTS

wR1-37 belongs to the Myoviridae
Electron microscopy of phosphotungstic acid-stained wR1-37 particles revealed that the phage has an icosahedral head, the diameter of which is 88±12 nm, a 10 nm-long neck, and a contractile tail, the dimensions of which are 236± 15614 nm (Fig. 1a, b) . The contracted sheath of the tail had dimensions of 96623 nm. The phage also had tail fibres whose length was at least 86 nm. According to the ICTV classification, wR1-37 belongs to the order Caudovirales and the family Myoviridae (Ackermann, 2003; Maniloff & Ackermann, 1998) . In Bradley's classification, wR1-37 belongs to the A1 morphotype (Bradley, 1967) . wR1-37 is a relatively large bacteriophage; this is illustrated in Fig. 1(c) , which shows a YeO3-R1 cell (length 1?7 mm) with the phage adsorbed on its surface.
wR1-37 growth cycle
The infection cycle of wR1-37 was studied by making a onestep growth curve of the phage propagating on YeO3-R1 (Fig. 2) . The eclipse period was found to be 40 min, and the latent period 50 min. These were followed by a rise period of 20 min. The average burst size of wR1-37 was~80 p.f.u. per infected cell. The lytic life cycle of the phage was supported by the finding that DIG-dUTP-labelled wR1-37 DNA did not hybridize to the genomic DNA of 128 bacterial strains tested, including both wR1-37-sensitive and -resistant strains (not shown).
Characterization of wR1-37 receptor
Bacteriophage wR1-37 was isolated based on its ability to infect strain YeO3-R1, that is, a virulence-plasmid-cured, O antigen-negative derivative of Y. enterocolitica serotype O : 3 (Table 1 ). The virulence-plasmid-cured strain YeO3-c was resistant when grown at 22 uC and sensitive when grown at 37 u C, indicating that abundant LPS O side chain (O antigen) expression at 22 uC sterically blocked the phage receptor (Skurnik et al., 1995) . On the other hand, the wild-type strain YeO3 was resistant to phage wR1-37 irrespective of growth temperature, suggesting that expression of YadA [Yersinia adhesin A, an outer-membrane protein which is expressed by the virulence plasmid at 37 u C (Bölin et al., 1982 (Bölin et al., , 1985 El Tahir & Skurnik, 2001 )] combined with a lower abundance of O antigen inhibited the phage infection. Rough forms of both virulence-plasmid-positive and -negative YeO3 were sensitive, regardless of the growth temperature. These results thus suggested that LPS outer core could function as the phage receptor.
To further characterize the phage receptor, we determined whether degradation of bacterial proteins or LPS inhibits the phage binding. To this end, a YeO3-R1 suspension was immobilized on nitrocellulose membranes and the membranes were subjected to different treatments, altering either protein or carbohydrate structures, prior to the detection of bacteria with DIG-wR1-37. As shown in Table 2 , drying, boiling, SDS sample buffer and Proteinase K had no effect on the phage binding. On the other hand, incubation of bacteria with periodate clearly destroyed the phage receptor. These results thus strengthened the conclusion that the outer core hexasaccharide structure (Radziejewska-Lebrecht et al., 1998) is the phage receptor.
The host range of wR1-37 showed that the phage can also infect other members of the genus Yersinia (Skurnik et al., 1995) , indicating that the hexasaccharide structure might be common between those bacteria. (Fig. 3) . Thus, unlike in other Yersinia strains tested, in this strain, the phage receptor structure was present in the O antigen.
In order to confirm that the YeO3 LPS outer core is the phage receptor, plasmid pRV16NP, in which the outer core gene cluster is cloned under a tetracycline promoter, was constructed ( Table 1) Table 1 ). The expression of the outer core hexasaccharide in the strains harbouring pRV16NP was verified with DOC-PAGE (Fig. 4) . All the Yersinia and E. coli strains expressing YeO3 LPS outer core became wR1-37 sensitive (not shown), confirming that the YeO3 outer core hexasaccharide forms the receptor for wR1-37.
wR1-37 DNA contains dU instead of T Aberrant digestion of wR1-37 DNA by Acc65I (the enzyme failed to digest the DNA, while its isoschizomer KpnI digested it into >10 fragments, not shown) and difficulties in cloning the phage genome in E. coli DH10B (see below) directed us to study the chemical composition of the phage DNA. When the hydrolysed DNA was analysed with LC-MS/MS (neutral loss scan mode), it was obvious that the phage genome contained the three normal deoxynucleosides, dA, dC and dG (Fig. 5) . However, a highly interesting finding was that in the chromatogram the T peak was missing, and there was an additional peak whose molecular mass was identical to that of dU. Indeed, the peak was identified to be dU, since the retention times of the supposed dU and of dU in pure solvent were very near each other (Fig. 5) , and the analysis method revealed that there was a deoxyribose moiety in the molecule.
The GC content of wR1-37 DNA was calculated based on the areas of the peaks of individual nucleosides in the chromatograph. The estimation resulted in a GC content of 36 %, the proportions of individual nucleosides being 31 % for dA, 33 % for dU, 18 % for dG and 18 % for dC. A trace amount of T (0?5 %) was also detected (data not shown).
In order to verify that the composition analysis had been quantitative, the DNA hydrolysate was also studied for unhydrolysed dideoxynucleotides. The dinucleotides were not detected in the LC-MS/MS chromatograph (data not shown), indicating that the DNA hydrolysis had been complete and that the composition analysis was quantitative.
Size and partial sequencing of the wR1-37 genome
The size of the wR1-37 genome was analysed with restriction digestions and PFGE, and was estimated to be~270 kb (not shown). This correlates well with the large size of the phage capsid.
All the preliminary attempts to clone wR1-37 DNA to E. coli DH10B were unsuccessful (not shown). This was then found to be due to the presence of dU in the phage DNA, since dU-containing DNA is known to be degraded by bacterial enzymes (Duncan & Warner, 1977; Taylor & Weiss, 1982 ; Wang & Mosbaugh, 1988) . The cloning of the phage DNA to E. coli CJ236, devoid of dUTPase (the product of the dut gene) and uracil N-glycosylase (the product of the ung gene), then proved successful.
The obtained plasmid clones were used as a starting material for sequencing of the wR1-37 genome. The partial sequence (~76 kb, representing approximately 28 % of the genome, unpublished results) was subjected to preliminary sequence analysis, which showed that the GC content was 33 %. This is in reasonable agreement with the value (36 %) obtained by LC-MS/MS analysis.
Structural proteins of wR1-37
SDS-PAGE of wR1-37 structural proteins revealed four major protein bands (Fig. 6 ) that were named sp69, sp46, sp31 and sp24, according to their estimated sizes in kDa. Of these, sp46 was the most abundant, which makes it the likely major capsid protein.
The N-terminal amino acid sequences of the four major structural proteins were determined and searched for similarities to known viral proteins. The sequence analysis did not reveal significant similarities to any known protein sequences. Interestingly, however, the N-terminal sequences of sp69 and sp46 were almost identical: the only difference was the amino acid at the N-terminus, which was alanine for sp69 and serine for sp46.
In the preliminary genomic sequence, the ORFs encoding the structural proteins sp24 and sp46 were identified (accession numbers AJ972879 and AJ972880, respectively). The mature sp24 seems to be proteolytically processed; presumably 55 amino acids from the N-terminus are removed, as estimated by the location of the potential Shine-Dalgarno sequence and translational start codon. The deduced amino acid sequence of the processed protein predicts a small (205 aa, 21?4 kDa) and basic protein (isoelectric point 10?3). The sp24 sequence is not similar to known viral protein sequences and does not have easily recognizable motifs (e.g. DNA binding domains), and thus the exact role of sp24 in the phage capsid is not yet known.
The major capsid protein sp46 appears also to undergo proteolytic processing during its maturation, as the plausible translational start site is 43 amino acids before the Nterminus of the mature protein. The mature protein is 432 amino acids long, negatively charged (isoelectric point 5?0) and has a calculated size of 47?8 kDa. The deduced amino acid sequence shows no similarity to known proteins. . SDS-PAGE analysis of wR1-37 structural proteins. Protein molecular weight marker is shown at the left; the four major phage particle proteins and their N-terminal amino acid sequences are indicated at the right.
At the moment, it is not known whether sp69 is produced from the same or a different gene than sp46. In several different phages, sites for frameshifts that allow the translation of a longer product have been identified (Condron et al., 1991; Garcia et al., 2003b; Pajunen et al., 2001) , but no such site could be identified from the gene encoding sp46.
DISCUSSION
wR1-37 has been shown to be a member of virus family Myoviridae. It is a very large bacteriophage: the size of its genome is roughly similar to that of the genome of the Pseudomonas aeruginosa phage wKZ (280 kb), which is the largest bacteriophage DNA sequenced so far (Mesyanzhinov et al., 2002) . The large genome size and the presence of the receptor in many Yersinia strains make wR1-37 a possible vehicle for horizontal gene transfer.
The comparison of N-terminal or deduced amino acid sequences of wR1-37 structural proteins to databases did not reveal similar protein sequences, indicating that close relatives of wR1-37 have not been characterized. The probable major capsid protein sp46 had an almost identical Nterminal sequence to that of sp69, suggesting that sp69 may be a minor capsid protein. So far, only the gene encoding sp46 has been identified in the partial genomic sequence, and it is not yet known whether these two proteins are products of the same gene or a result of an ancient gene duplication and subsequent differentiation. Both systems have been shown to apply for bacteriophage capsid proteins. The members of the T7 group, T7, T3 and wYeO3-12, produce the major and minor capsid proteins gp10A and gp10B, respectively, via a 21 frameshift that allows the translation of the longer product (Condron et al., 1991; Pajunen et al., 2001) . Similarly, in Lactobacillus casei phage A2, the two different-sized capsid proteins are translated from the same gene (Garcia et al., 2003b) . On the other hand, in E. coli phage T4, the head proteins gp23 and gp24 have evolved via gene duplication (Kutter et al., 1995; Miller et al., 2003) . Predicted from the nucleotide sequences of their genes, both structural proteins sp24 and sp46 are apparently proteolytically processed during phage maturation. Post-translational processing of structural proteins is a common strategy for morphogenesis of tailed bacteriophages, and has been described for phages such as T4 (Mathews et al., 1983) , wKZ (Mesyanzhinov et al., 2002) and A2 (Garcia et al., 2003b) .
Our results demonstrated conclusively that the phage receptor is present in the outer core hexasaccharide of the Y. enterocolitica O : 3 LPS. The receptor was sensitive to periodate treatment, which is known to degrade carbohydrates containing a cis-1,2-diol motif in their structure, and the outer core hexasaccharide was lost in phage-resistant mutants. In addition, the receptor was expressed along with the outer core hexasaccharide in Y. pestis, Y. pseudotuberculosis, Y. enterocolitica and E. coli strains when the outer core gene cluster carrying plasmid pRV16NP was introduced into these bacteria. A novel finding was that Y. pseudotuberculosis serotype O : 9 strain R708Ly was phage-sensitive also. As phage-resistant derivatives of R708Ly had lost the O antigen, it is very likely that, unlike in Y. enterocolitica, in Y. pseudotuberculosis O : 9, the phage receptor is part of the O antigen structure. Work is under way to determine the sugar-residue composition and structure of the Y. pseudotuberculosis O : 9 O antigen in order to elucidate this question.
The most intriguing finding in this study was that the wR1-37 genome is composed of DNA in which T is almost completely replaced by dU. The only organisms so far known to have dU in their DNA are the Bacillus subtilisspecific bacteriophages PBS1 and PBS2 (Takahashi & Marmur, 1963) .
Uracil residues are normally introduced into DNA either by the accidental incorporation of dUMP in place of TMP by DNA polymerase, or by the spontaneous deamination of cytosine in DNA (Lindahl, 1993; Tye et al., 1978) . The latter reaction will yield a premutagenic U.G mispair and promotes a mutation in the next DNA-replication cycle. It is thus crucial for cells to be able to repair the uracil residues occurring in their DNA. A system known as the baseexcision repair (BER) pathway is responsible for this function (Sung & Mosbaugh, 2003; Taylor & Weiss, 1982) . BER is initiated by uracil-DNA glycosylase (Ung), which cleaves the N-glycosylic bond between the uracil base and the DNA backbone, leaving an apyrimidinic site (Lindahl et al., 1977) . This site is then incised by an apyrimidinic endonuclease, after which the gap is filled by DNA polymerase I. Finally, the repair is completed by DNA ligase. The first enzyme of the pathway, Ung, is highly specific for U in DNA, cleaving both U.A and U.G pairs, and even single-stranded DNA (Lindahl et al., 1977) . Ung is found to be highly conserved in evolution, with E. coli and human enzymes showing 55?7 % sequence identity (Olsen et al., 1989 (Olsen et al., , 1991 .
Bacteriophage PBS2 escapes the base-excision repair pathway by expressing a protein that inhibits Ung (Bennett et al., 1993; Lundquist et al., 1997; Wang & Mosbaugh, 1988) . This protein, uracil-DNA glycosylase inhibitor (Ugi), abolishes Ung activity in both bacteria and humans (Acharya et al., 2003; Olsen et al., 1991; Wang & Mosbaugh, 1988) , and has been shown to increase mutation frequency when expressed in human cells (Radany et al., 2000) . In addition to Ugi, PBS2 expresses a set of enzymes that function cooperatively to increase the intracellular dUTP pool and decrease the TTP concentration, thus resulting in the close to 100 % incorporation of dU instead of T in the DNA (Wang & Mosbaugh, 1988) . In the future, it would be interesting to know whether wR1-37 and PBS2 have similar enzymic machinery for their DNA synthesis. The main question that remains to be answered is how these phages are related to each other, and whether they have acquired the genes responsible for their DNA synthesis through horizontal gene transfer, or have evolved independently.
In their review article, Poole et al. (2001) speculated that there might be a whole U-DNA world alive in viruses. The present finding that there are U-DNA phages infecting bacterial species as distant as Y. enterocolitica and B. subtilis now supports this hypothesis. Since the enzymes responsible for maintenance of uracil-containing DNA are proven to be mutagenic in cultured human cells (Radany et al., 2000) , the possibility of having a U-DNA genome should specially be considered when thinking about the therapeutic use of bacteriophages.
